Solar ultraviolet A (UVA) (320-400 nm) radiation-induced gene expression in keratinocytes is initiated at the level of the cell membrane via generation of singlet oxygen and subsequent formation of ceramide from sphingomyelin. We now report that the UVA response also involves raft signaling and that ceramide and raft signaling are linked with each other. Upon UVA irradiation, the lipid composition of rafts decreased 40% in sphingomyelin and 60% in cholesterol (Chol). Also, decrease of Chol increased the susceptibility towards UVA-induced gene expression, whereas increase of Chol completely abolished their capacity to generate signaling ceramides and to mount the subsequent UVA response. This inhibition was not associated with UVA-induced Chol oxidation and was also seen after treatment of cells with plant sterols. The UVA responsiveness depended on the ratio of Chol versus ceramide in rafts. A ratio smaller than 1 permitted initiation and transduction of the signaling response, whereas a ratio greater than 1, for example, upon sterol pretreatment, abolished this response, indicating that UVA radiation-induced ceramide signaling is controlled by the lipid composition of rafts.
Introduction
Solar ultraviolet A (UVA) (320-400 nm) radiation is a well-studied inducer of gene expression in human skin cells (Tyrrell, 2004; Grether-Beck et al., 2005) . The photobiological and molecular mechanisms are of general interest as UVA radiation-induced gene expression is relevant for photoaging, photocarcinogenesis and pathogenesis of frequent photodermatoses such as polymorphic light eruption (Schwarz, 2005; Tyrrell and Reeve, 2006) . Human epidermal keratinocytes represent the primary cellular target for UVA radiation. In previous studies, we have shown that the UVA radiation-induced stress response is initiated in this cell type by a photo-oxidative process, which causes the generation of singlet oxygen and that UVA radiation/ singlet oxygen-induced gene expression critically depend on activation of transcription factor activator protein-2 (AP-2) (Grether-Beck et al., 1996) . The steps that occur downstream of UVA radiation-induced singlet oxygen generation and upstream of AP-2 activation involve generation of the second messenger ceramide from cell membrane sphingomyelin indicating that UVA radiation-induced alterations at the level of cell membrane lipids are critically involved in this signaling cascade (Grether-Beck et al., 2000) .
Lipid microenvironments on the cell surface, known as lipid rafts, participate in signal transduction processes (Simons and Toomre, 2000) . Rafts or microdomains consist of sphingolipids such as sphingomyelin and cholesterol (Chol) and are located in the exoplasmic leaflet of the bilayer of biological membranes (Simons and van Meer, 1988; Simons and Ikonen, 1997; Brown and London, 1998) . Lipid rafts can change their composition in response to intra-or extracellular stimuli (Simons and Toomre, 2000; Simons and Ehehalt, 2002) , for example, UV-induced induction of apoptosis mediated by activation of acid sphingomyelinase (Zhang et al., 2001; Kashkar et al., 2005; Rotolo et al., 2005) . This favors specific protein-protein interactions and subsequent activation of signaling cascades. Raft function has been shown to critically depend on the content of Chol in the plasma membrane (Anderson, 1993; Schnitzer et al., 1994; Gustavsson et al., 1999) .
As we had previously shown that UVA radiation results in generation of signaling ceramides from plasma membrane-localized sphingomyelin and as sphingomyelin is associated with Chol in raft microdomains, we have assessed whether lipid composition of rafts is altered by UVA irradiation and if yes, whether this may be of functional relevance for UVA radiation-induced signaling.
Here we demonstrate that UVA radiation-induced signaling critically depends on the ratio of Chol versus ceramide in cell membrane rafts. Our studies thus provide a link between ceramide and raft signaling in the UVA radiation-induced stress response of mammalian cells.
Results
UVA irradiation results in a decrease of sphingomyelin and Chol in plasma membranes and rafts of keratinocytes To analyse the effects of UVA radiation on the lipid composition of rafts, normal human epidermal keratinocytes (NHEKs) were exposed to a dose of 30 J/cm 2 UVA, which previously was shown to be optimal for induction of the UVA signaling response in this cell type (Grether-Beck et al., 1996 , 2005 . After 30 min, plasma membranes or lipids rafts were isolated and their sphingomyelin and Chol content was quantified using high-performance thin-layer chromatography (TLC). The molar ratio of sphingomyelin/Chol in rafts from untreated cells was 1:2.6, which was in line with previous electrospray ionization/mass spectrometry analysis (Pike et al., 2002) . In plasma membranes, UVA radiation decreased sphingomyelin content to 40% and the Chol content to 45%, as compared with sham-irradiated controls ( Figure 1a ). These effects were even more pronounced when rafts were studied, which showed a 50% decrease in sphingomyelin and a 60% decrease in Chol content (Figure 1b) . These results indicate that UVA irradiation alters the sphingomyelin and, in particular, the Chol content of cell membrane rafts. Previous studies treating human fibroblasts with extracellularly added neutral sphingomyelinase resulted in an even greater decrease of cellular sphingomyelin (up to 90%), which was accompanied by rapid redistribution of Chol between plasma membranes and intracellular Chol pools (Slotte and Bierman, 1988) . We propose that a similar redistribution mechanism also accounts for 'disappearance' of Chol in our system. In contrast, the reduction in sphingomyelin content is most likely due to its conversion into ceramide.
The Chol content modulates UVA-induced gene expression Raft functions critically depend on the Chol level of the plasma membrane (Anderson, 1993; Schnitzer et al., 1994; Gustavsson et al., 1999) . We, therefore, next assessed the UVA sensitivity of NHEKs, in which the Chol content had been modulated. For this purpose, NHEKs were pretreated with the cyclic oligosaccharide b-methylcyclodextrin (bMCD) (Neufeld et al., 1996) . bCyclodextrins are cyclic water-soluble heptasaccharides consisting of b(1-4)glucopyranose units, which contain a hydrophobic core capable of solubilizing sterols, in particular Chol (Yancey et al., 1996) . As shown in Figure 2a , a 2-h bMCD treatment dose dependently lowered the Chol content in total extracts from NHEKs. A dose of 5 mM bMCD decreased Chol content by about 50%, without altering cell viability even when Chol was added for 24 h, as determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Grether-Beck et al., 2003; data not shown) . This dose was, therefore, used in subsequent experiments in which UVA-stress response was analysed by measuring UVA radiation-induced mRNA expression of intercellular adhesion molecule-1 (ICAM-1) as a model gene (Grether-Beck et al., 1996 . Chol decrease increased sensitivity of NHEKs toward UVA radiation-induced ICAM-1 expression. Accordingly, NHEKs with unaltered Chol levels showed the wellknown biphasic ICAM-1 expression pattern (GretherBeck et al., 1996 (GretherBeck et al., , 2000 , with a first maximum (threefold increase) after 1 h and a second, more sustained, increase (up to four fold) 24-48 h after irradiation (Figure 2b ). In cells with decreased levels of Chol, these responses were enhanced, with an early maximum up to five fold and a later peak up to 10-fold (Figure 2c ).
The opposite was observed when the Chol content of cells was increased prior to UVA irradiation. Preincubation of NHEKs with Chol for 24 h increased the Chol content of rafts about two fold ( Figure 2d ) and completely abolished the capacity of these cells to upregulate ICAM-1 mRNA expression upon exposure to UVA radiation (Figure 2e ).
Taken together, these studies indicate that the Chol content of keratinocyte rafts determines the capacity of these cells to upregulate ICAM-1 expression in response to UVA radiation. In contrast, interferon-g-induced ICAM-1 expression was not affected by pretreating NHEKs with bMCD or Chol (Figure 2f ).
Cholesterol inhibits UVA radiation-induced signaling at the level of the cell membrane UVA radiation-induced gene expression has been shown to result from formation of second-messenger ceramide from cell membrane sphingomyelin and subsequent activation of the transcription factor AP-2 (Grether-Beck et al., 2000) . To define the level at which Chol interfered with UVA radiation-induced signal Ceramide and raft signaling linkage in UVA radiation-induced gene expression S Grether-Beck et al transduction, we next analysed the effect of Chol pretreatment on these upstream events. As shown in Figure 3 , preincubation with Chol completely prevented UVA radiation-induced AP-2 activation ( Figure 3a ) and ceramide formation (Figure 3b ). These results indicate that Chol blocked the UVA-stress response at the level of the cell membrane by inhibiting the initiating signaling event, that is, formation of ceramide. Clustering of plasma membrane rafts to ceramide-enriched platforms has previously been demonstrated in cells, which were exposed to apoptogenic doses of UVC radiation and subsequently stained with antibodies directed against a-ceramide and acidic sphingomyelinase (Rotolo et al., 2005) . Due to non-enzymatic nature of UVA-induced ceramide formation (Grether-Beck et al., 2000) , such a methodological approach to demonstrate raft clustering would yield negative results and was therefore not pursued. Cholesterol preloading resulted in slight activation of transcription factor AP-2 on its own (Figure 3a , lane 4), without a concomitant increase of upregulation of ICAM-1 mRNA level (Figure 2e ). The precise reason for this observation is not known. The AP-2 oligonucleotide used for the gel electrophoresis mobility-shift assay did not contain an E-box or a sterol-response element consensus site (Stade et al., 1990; Kim et al., 1995) . Also, sterols have not been shown to interact directly with AP-2. There is, however, increasing evidence that sterols might increase the oxidative stress in cells and thereby activate transcription factors such as nuclear factor-KB or AP-1 (Schmuth et al., 2004; Reiterer et al., 2005) .
Inhibition of the UVA response does not involve Chol oxidation and can also be achieved by phytosterols We have shown previously that UVA radiation-induced signaling is initiated at the level of the cell membrane via ) and harvested 0.5 h after stimulation or had been left untreated. Lipid extracts based on 500 mg protein were analysed. Ceramide formation is given as fold increase in comparison with untreated controls (1287 ng ceramide per 500 mg protein). Data represent the mean ± s.d. of three independent experiments. AP, activator protein; ICAM, intercellular adhesion molecule; NHEK, normal human epidermal keratinocyte; UVA, ultraviolet A.
Ceramide and raft signaling linkage in UVA radiation-induced gene expression S Grether-Beck et al generation of singlet oxygen (Grether-Beck et al., 1996) . Chol can quench singlet oxygen (Korytowski and Girotti, 1999) or free radicals (Girotti, 1998) , indicating the possibility that the UVA-inhibitory effect of Chol might be due to its antioxidant properties. We therefore searched for formation of the respective signature oxysterols in lipid fractions isolated from UVA-irradiated NHEKs. Peroxidation of Chol can occur via two distinct pathways, (i) a type-I oxidation, which is free radical-mediated and which leads to generation of oxysterols oxidized at the carbon atom 7(C 7 ), and (ii) a type-II oxidation, which is singlet oxygen-mediated and which promotes formation of oxysterols oxidized at carbon atom 5 (C 5 ) (Girotti, 1992; Girotti and Korytowski, 2000) . Small amounts of the singlet oxygen-mediated oxysterol 3b-hydroxy-5a-cholest-6-ene-5-hydroperoxide (5a-OOH) could be detected in samples of pure Chol, which had been irradiated for 1 h with a solar simulator emitting both UVB and UVA radiation (Figure 4a ), thus confirming results from previous studies (Girotti and Korytowski, 2000) . In contrast, even loading the 15-fold amount of lipid extracts revealed no trace amounts of singlet oxygen-generated 3b-hydroxy-5a-cholest-6-ene-5-hydroperoxide (5a-OOH), 3b-hydroxycholest-4-ene-6a-hydroperoxide (6a-OOH), 3b-hydroxycholest-4-ene-6b-hydroperoxide (6b-OOH) nor free radical-generated 3b-hydroxycholest-5-ene-7a-hydroperoxide (7a-OOH) or 3b-hydroxycholest-5-ene-7b-hydroperoxide (7b-OOH) oxysterols in samples from UVA-irradiated keratinocytes ( Figure 4b , lanes 5 and 11). Thus, inhibition of UVA radiation-induced signaling by Chol was not associated with Chol oxidation.
As chemical structures of Chol and plant sterols show similarities, we wondered whether inhibition of UVA radiation-induced signaling could also be achieved with non-Chol sterols such as phytosterols. For this purpose, NHEKs were treated for 24 h with campesterol (Camp), b sitosterol (Sito) or stigmasterol prior to UVA irradiation. As is shown in Figure 5 , phytosterol pretreatment suppressed UVA radiation-induced gene expression (Figure 5a ), AP-2 activation ( Figure 5b ) and ceramide formation in rafts (Figure 5c ). These results indicate that plant sterols function as Chol analogues in this system by inhibiting the UVA radiation-induced stress response in NHEKs.
The ratio of Chol versus ceramide within rafts determines the UVA response To understand the mechanism (s) by which Chol protects cells from UVA stress, we assessed the effects of Chol pretreatment on the lipid composition of rafts. As is shown in Figure 6 , Chol pretreatment increased Chol and sphingomyelin content of rafts isolated from unirradiated NHEKs up to 200%, and completely prevented the UVA radiation-induced decrease in both lipids.
We wondered whether inhibition of the UVA response by Chol pretreatment was caused by concomitant increase of Chol and sphingomyelin or due to the relative change in either Chol or ceramide or sphingomyelin. For this purpose, we assessed UVA responsiveness of keratinocytes, which had altered molar ratios between Chol, sphingomyelin and ceramide within rafts as a consequence of their treatment with the chemical compounds listed in Table 1 , all of which are well known to interfere with the biosynthesis of sphingomyelin or Chol.
As is shown in Table 1 and in Figures 5 and 6, Chol as well as phytosterol pretreatment prevented the UVA response by increasing both Chol and sphingomyelin and without changing the molar ratio of sphingomyelin versus Chol. AY9944 (trans-1,4-bis(2-chlorobenzylaminomethyl)cyclohexane dihydrochloride), an inhibitor for D7-dehydrocholesterol reductase, also abrogated the UVA response (Figure 7a ), but this inhibition was associated with a decrease of Chol, a reciprocal increase of sphingomyelin (Figure 7b ) and thus a change of the molar ratio of sphingomyelin versus Chol from 1:2.6 to 1:1.3. Essentially identical results (data not shown) were obtained if BM15.766 was used, which also inhibits D7-dehydrocholesterol reductase (Wolf et al., 1996) . Taken together, these three approaches inhibited the UVA response regardless of whether the ratio of sphingomyelin to Chol was high or low. We therefore concluded that it is not the ratio between sphingomyelin and Chol that determines the UVA responsiveness of human keratinocytes.
We, therefore, next asked whether the ratio between ceramide and Chol determines the UVA response. Pretreatment of cells with bMCD (Figure 7c ) increased the UVA response and at the level of the rafts the ratio of ceramide to Chol was observed to be larger than 1 (Table 1) . Also in unirradiated HNK, increased ICAM-1 expression, which was achieved upon stimulation of cells with cell permeable ceramide at doses, which previously were shown to mimic the UVA response (Grether-Beck et al., 2000 , 2003 increased the ratio of ceramide to Chol above 1 (Figure 7d ; Table 1 ). In contrast, inhibition of the UVA response by pretreatment of cells with Chol, phytosterols, AY9944 or BM15.766 was always associated with a ratio of ceramide to Chol lesser than 1. In aggregate, these results suggest that the UVA responsiveness of the cells is determined by the ratio of ceramide versus Chol in cell membrane rafts.
Discussion
Link between ceramide and raft signaling in the UVA stress response In the present study, we demonstrate that UVA radiation causes a decrease of sphingomyelin in the raft fraction of plasma membranes isolated from irradiated keratinocytes. This result is consistent with our previous observation that UVA irradiation of keratinocytes causes hydrolysis of plasma membrane-localized sphingomyelin (Grether-Beck et al., 2000) . In these studies, sphingomyelin hydrolysis was found to be due to generation of singlet oxygen, and UVA radiationinduced singlet oxygen generation in human keratinocytes was recently shown to correlate with the number of plasma membrane-associated rafts (Gniadecki et al., 2002) . Taken together, these studies identify lipid rafts in the cell membrane of human keratinocytes as targets of UVA radiation. On the basis of calculation of total molar amounts of the analysed lipids within the raft fraction, we observed a ratio of sphingomyelin/Chol of about 1:2.6, which is in line with previous data obtained for a caveolin-1-expressing epidermoid carcinoma cell line KBC (Pike et al., 2002) . After UVA treatment we observed a decrease of sphingomyelin from about 450 to 200 pmol, based on the lipid equivalent of 150 mg protein, which was followed by an increase of ceramide from 550 to 950 pmol, indicating that more than 60% of the ceramide formed might originate from hydrolysis of raft localized sphingomyelin.
In addition to sphingomyelin, UVA radiation led to a concomitant decrease of the Chol content of plasma membranes and, in particular, of raft fractions of irradiated keratinocytes, indicating that besides sphingomyelin, the partner lipid Chol is affected as well. In principle, the UVA radiation-induced decrease in Chol could be the consequence of (i) sphingomyelin hydrolysis and the resulting formation of ceramide, or (ii) vice versa, or (iii) both UVA effects could occur independently from each other. In this regard, in Chinese Hamster Ovary cells a decrease of sphingomyelin levels has been shown to enhance the cellular Chol efflux, indicating that sphingomyelin has a function in retaining Chol in the plasma membrane (Fukasawa et al., 2000) . In addition, ceramide has recently been shown to selectively displace Chol from lipid rafts (Megha and London, 2004) . We therefore propose that in irradiated keratinocytes, the decrease of Chol levels represents the consequence of two processes associated with the UVA radiation-induced hydrolysis of raft-associated sphingomyelin: the hydrolysis induced decrease in sphingomyelin facilitates Chol efflux and the subsequently formed ceramides replace Chol in rafts. Accordingly, inhibition of UVA radiation-induced signaling by Chol pretreatment of cells inhibited UVA radiation-induced decrease of Chol and sphingomyelin as well as ceramide formation, indicating that these three UVA radiation-induced effects are not independent from each other. Also, prevention of UVA radiation-induced signaling by short-or long-term Chol pretreatment increased the sphingomyelin content of rafts ( Figure 6 ). Our results are thus consistent with the assumption that in the UVA stress response ceramide-and raft-signaling are closely linked with each. On the basis of results of this study, we would like to propose a model in which solar UVA radiation-induced ceramide signaling is controlled by cell membrane lipid rafts at two different levels, (i) UVA radiation-induced ceramide formation and (ii) subsequent ceramide-mediated signal transduction.
Rafts control the UVA radiation-induced formation of signaling ceramide
The first link is provided by the fact that ceramide formation within rafts is an indispensable prerequisite for the UVA response to occur and that the capacity of UVA radiation to generate ceramides is determined by the lipid composition of rafts.
The precise nature of the interaction between signaling ceramides and rafts in the UVA response in this initiating step is not yet known. In previous studies, we provided evidence that UVA radiation and singlet oxygen result in the formation of ceramide from sphingomyelin in an enzyme free in vitro system indicating a non-enzymatic mechanism of ceramide formation (Grether-Beck et al., 2000) . Although ratio of sphingomyelin and Chol does not change due to Chol preloading, we observed in the present study a relative decrease of ceramide (Table 1) . This decrease was not due to Chol oxidation and could also be seen after phytosterol pretreatment of cells. An alternative explanation (that is, other than singlet oxygen quenching) for loss of ceramide formation after Chol loading could be a change within the crystalline structure of the microdomains due to the relative decrease of ceramide from a molar ratio from 0.5 to 0.2. Our study indicates ); Chol, stigmasterol and b sitosterol (30 mM each, 24 h), ceramide (10 mM), AY9944 (30 mM, 2 h), bMCD (5 mM, 2 h).
Ceramide and raft signaling linkage in UVA radiation-induced gene expression S Grether-Beck et al that in human epidermal keratinocytes a UVA response can be elicited if the ratio of ceramide versus Chol is greater than 1 and that no response occurs if the ratio is lesser than 1. Accordingly, tight packing of Chol to sphingomyelin in raft structures, which is likely to be enhanced after Chol pretreatment and the concomitant increase in raft Chol content (Figure 6 ), is thought to affect the crystalline structure of sphingomyelin (Brown and London, 2000) and might thereby determine the sensitivity of sphingomyelin molecules towards UVA radiation-induced, singlet oxygen-mediated formation of ceramides from sphingomyelin. As a consequence, Chol rich rafts would be relatively resistant against UVA radiation-induced formation of ceramides, the subsequent decrease of sphingomyelin levels and the resulting decrease in the Chol content, as observed in the present study ( Figure 6 ). Our results are thus consistent with the idea that the ceramide content within or around the microdomains affects the sensitivity of sphingomyelin towards singlet-oxygen-induced hydrolysis. We propose that prevention of the UVA stress response by Chol is due to its 'raft-stabilizing' properties. Accordingly, a raft stabilizing function of Chol, which serves to fill the voids between the large and bulky glycerosphingolipids has been described by Gulbins and Li (2006) . According to this concept, pharmacological extraction of Chol destroys membrane rafts. Moreover, generation of ceramide within rafts, no matter by which mechanism they are formed, dramatically alters the biophysical properties of these membrane domains, since ceramide molecules have the tendency to spontaneously self-associate to small ceramide-enriched membrane microdomains (Kolesnick et al., 2000) .
Transduction of the UVA response depends on the ratio of ceramide versus Chol in rafts
The second level of interaction between ceramide/raft signaling is further downstream. After signaling ceramides have allowed to be formed, subsequent ceramide-induced signal transduction is also raft-dependent. Accordingly, stimulation of unirradiated cells with exogenously added ceramide, which previously was shown to mimic the UVA response (Grether-Beck et al., 2000 , 2003 and which no longer requires ceramide generation from lipid rafts, was inhibited if the Chol content of rafts was increased. Our experiments to discriminate whether the Chol-mediated inhibition of the UVA response is due to an increase of Chol, sphingomyelin or both lipids indicate that the ratio of Chol versus ceramide within rafts is critical for UVA signaling (Figures 6 and 7b-e) . As shown in Table 1 , signaling occurred when ceramide concentration was high enough to displace the Chol from ordered lipid domains. These observations are in line with studies using lipid vesicles containing coexisting raft domains and disordered fluid domains where natural and synthetic ceramides displaced sterols from rafts (Megha and London, 2004) . According to these studies, ceramides and Chol compete for association with rafts because of a limited capacity of raft lipids with large headgroups to accommodate small headgroup lipids in a manner that prevents unfavorable contact between the hydrocarbon groups of the small lipids and the surrounding aqueous environment (Megha and London, 2004) . Accordingly, addition of synthetic ceramides mimicked the decrease of Chol observed after UVA irradiation (Figures 1b and 7d) and preloading of keratinocytes with Chol could partially inhibit ceramide-induced gene expression (Figure 7e) . These results are supported by studies using atomic-force microscopy to study the effects of ceramide generation by in situ enzymatic hydrolysis of sphingomyelin in phase separated lipid bilayers that have sphingomyelin/Chol rich domains surrounded by a fluid phase (Johnston and Johnston, 2006) . We showed that in situ generation of ceramide resulted in the restructuring of the bilayer to give areas of fluid phase, areas that have a distribution of domains similar to the original bilayer and areas containing clusters or domains.
In conclusion, our study shows that ceramide and raft signaling are tightly linked in solar UVA radiationinduced signal transduction in a way that the lipid composition of rafts controls the generation and activity of signaling ceramides. As raft microdomains also contain a variety of signaling proteins (Simons and Toomre, 2000) , further studies will have to address the question of how the ceramide signal is transposed from the outer leaflet of the membrane to the cytosol, for example, by modulation of raft-associated proteins.
Clinical implications for photoprotection and photodermatosis Abrogation of the UVA-stress response was not specific for the Chol molecule, but could be mimicked by plant sterols, for example, Camp, b Sito and sigmasterol. These major plant sterols stabilized the cell membrane to a similar extend as Chol in our experiments (Figure 7) . In contrast to invertebrates typically converting phytosterols to Chol by de-alkylating C24 in the side chain, thereby furnishing Chol needed by membranes, vertebrates are not able to de-alkylate sterols with bulkier side chains such as Camp (24a-methylcholesterol), bSito (24a-ethylcholesterol) or stigmasterol (D22,24a-ethylcholesterol) (Xu et al., 2005) . Our results are in line with recent observations that plant sterols such as Camp and b-Sito can substitute for Chol as the primary sterol in the plasma membrane without being converted to Chol (Xu et al., 2005) . UVA radiation-induced signaling in human keratinocytes is thought to contribute to a variety of solar UV radiation-induced detrimental effects including photocarcinogenesis, photoaging and the pathogenesis of UVA-sensitive skin diseases such as polymorphic light eruption. The recent observation that UVA radiation-induced gene expression can be completely abrogated by pretreating human epidermal keratinocytes in vitro with Chol or plant sterols indicates that topical application of these molecules in appropriate galenic formulations to human skin may be used for photoprotection, for example, in sunscreens in combination with UV filters.
A modulation in the lipid composition of rafts has previously been observed in human cells in response to a variety of exogenous stimuli including proinflammatory cytokines, hormones or growth factors (Liu and Anderson, 1995; Vainio et al., 2002; Yang et al., 2004) . In these systems, alterations of the Chol content of lipid rafts were of functional relevance for signal transduction. Similarly, in the present study, modulation of the Chol content significantly affected the capacity of human keratinocytes to mount a UVA response. Accordingly, a strong decrease in the Chol as observed by bMCD extraction was associated with an increased susceptibility towards UVA radiation, whereas Chol enrichment had the opposite effect. It should be noted that patients with Smith-Lemli-Opitz syndrome frequently exhibit an increased susceptibility towards solar UV radiation (Charman et al., 1998; Anstey and Taylor, 1999) . This autosomal, recessive genetic disorder is due to deletions as well as missense or nonsense mutations in the gene encoding for 7-dehydrocholesterol reductase, which cause a lowered expression of the corresponding protein D7-sterol-reductase (Fitzky et al., 1998) . As a consequence, Smith-Lemli-Opitz patients have decreased Chol serum levels (Smith et al., 1964; Tint et al., 1994; Batta et al., 1995) . Action spectrum studies have revealed, that Smith-Lemli-Opitz patients are exquisitely sensitive to UVA radiation, whereas their UVB response is normal . Also, an enhanced induction of apoptosis upon UVA irradiation could recently be observed in keratinocytes treated with AY9944, bMCD and 7-dehydrocholesterol (Valencia and Kochevar, 2006) . In addition, a recent case report indicates that dietary supplementation with Chol significantly decreased UVA photosensitivity in an affected child (Azurdia et al., 2001) . These clinical observations are in line with our current observation that a decrease in keratinocyte Chol content increases, whereas pretreatment with Chol decreases, the capacity of human keratinocytes to mount a UVA-stress response (Figures 2b, c and e) . They also indicate the possibility that UVA hypersensitivity in Smith-LemliOpitz patients is, at least in part, due to disturbed raft signaling.
Materials and methods

Materials
Recombinant human interferon-g was obtained from R&D Systems (Wiesbaden, Germany). Chol; the plant sterols Camp, b Sito and stigmasterol; AY9944; -2-propenyl]-1-piperazinyl]ethyl]benzoic acid sulfate) and bMCD were purchased from Sigma-Aldrich (Munich, Germany). Lipid standards for ceramide, sphingomyelin and ganglioside GM1 were from Merck Biosciences (Bad Soden, Germany) and for 7-ketosterol, as well as 7b-hydroxycholesterol (7b-OH), were from Sigma-Aldrich. b-Methylcyclodextrin was dissolved in distilled water as a 250-mM stock solution. Sterols were dissolved in ethanol as a 10-mM stock solution and added to the cell culture medium 24 h prior to irradiation in a final concentration of 30 mM.
Cell culture Long-term cultured, normal human keratinocytes prepared from neonatal foreskin were cultured under serum free conditions for up to five passages (Grether-Beck et al., 1996 , 2003 , 2005 . Depletion of Chol from cytoplasmic membranes was achieved through a 2-h preincubation of cells with 5 mM bMCD as previously described (Ridgway et al., 1998) .
UV irradiation
For UVA irradiation, medium was replaced by phosphatebuffered saline, lids were removed and cells were exposed to a dose of 30 J/cm 2 UVA using a UVASUN 24 000 system (Sellas GmbH, Gevelsberg, Germany) as previously described (Grether-Beck et al., 1996 , 2005 .
Isolation of plasma membranes
Cell membranes were isolated from pelleted cells after homogenization by a Dounce homogenizer according to standard differential centrifugation procedures. Identity of the plasma membrane was assessed by western blotting for very-late antigen (VLA-2a ¼ integrin-a2) (Emsley et al., 1997) . In addition, isolated fractions were routinely analysed for contamination with mitochondria and endoplasmic reticulum by western blotting for the BCL-2-family member myeloid cell leukemia 1 (Yang et al., 1995) and the 78-kDa glucoseregulated protein (GRP78/BiP; Linnik and Herscovitz, 1998) , with negative results (data not shown).
Isolation of rafts
Keratinocytes grown on 15-cm dishes were scraped off the plate and pelleted in phosphate-buffered saline. Rafts were isolated as detergent-insoluble glycosphingolipid complexes (Benting et al., 1999) . Detergent extractions were performed on ice with pre-chilled solutions. Keratinocytes were resuspended in 100 ml 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA with CLAP (chymostatin, leupeptin, antipain and pepstatin A, 25 mg ml À1 each final), and then one volume of 2% Triton X-100 in the same buffer was added. After 30 min of incubation, the lysate was adjusted to 40% Optiprep (Progen Biotechnik GmbH, Heidelberg, Germany) overlaid with 30 and 5% Optiprep and spun down for 4 h in an L8-M centrifuge (Beckman, Fullerton, CA, USA) with a 50.2-Ti rotor at 40 000 r.p.m. (B168 448 g) at 4 1C. The resulting seven fractions were collected from top and the raft fraction was identified as the ganglioside GM1-positive fraction (data not shown) by high-performance TLC.
Lipid extraction
Cells were harvested at the indicated time points by scraping the cells off the plate on ice. Pellets were washed and sonicated. Quantification of lipids was performed using either 500 mg of protein (Bradford, 1976) of total extracts or 150 mg of protein of rafts fraction for Folch extraction (Folch et al., 1957) . Analysis of ceramides included a mild alkaline hydrolysis. The lower phase of Folch extraction was evaporated under nitrogen. The lipids were dissolved in chloroform/methanol (2:1, v/v).
High-performance TLC Samples and standards were separated on silica-gel highperformance TLC plates (20 Â 10 cm) (Merck 60F 254s) prewashed for 60 min in 2-propanol and dried 30 min at 120 1C. Samples and standards were applied to the TLC plates using a CAMAG Linomat IV (CAMAG, Berlin, Germany) in bands of 0.8 cm via a spray-on technique (10 ml per sample) in which nitrogen carrier gas atomizes the sample from a syringe onto the plate, which is moving back and forth under the atomizer. Samples were separated using an Automated Multiple Development procedure on an Automated Multiple Development 2 device (CAMAG). This procedure consisted of seven repeated developments of the chromatogram using a stepwise elution gradient with methanol, dichloromethane and n-hexane (methanol/dichloromethane/n-hexane: 100/0/0; 10/90/0; 9/91/0; 8/92/0; 3/97/0; 2/98/0; 0/0/100) on a CAMAG Automated Multiple Development 2 device. Visualization was performed by postchromatic derivatization, as described previously (Grether-Beck et al., 2005) . Quantification was performed with a CAMAG TLC Scanner II and CATS software at 550 nm, with a plot of peak area versus weight spotted for a series of standards using a second-order polynomial calibration.
Determination of Chol photo-oxidation product Singlet oxygen-induced primary oxidation products of Chol are 3b-hydroxy-5a-cholest-6-ene-5-hydroperoxide (5a-OOH), 3b-hydroxycholest-4-ene-6a-hydroperoxide (6a-OOH) and 3b-hydroxy-cholest-4-ene-6b-hydroperoxide (6b-OOH). These products were detected by TLC using heptane ethyl acetate (1:1, v/v) (Girotti and Korytowski, 2000) . Free radicalmediated hydroperoxides 7a-hydroxycholesterol and 7b-OH were generated from commercially available 7-ketocholesterol (7-Ketochol) by addition of NaBH 4 (Bachowski et al., 1988) .
Differential reverse transcriptase-PCR
Total RNA was isolated using RNeasy Total RNA kits (Qiagen, Hilden, Germany). Two-step real-time reverse transcriptase-PCR was performed to measure gene expression. SuperScript III First-Strand Synthesis System for reverse transcriptase-PCR (Invitrogen, Karlsruhe, Germany) was used for the reverse transcription step with random hexamers. For each gene, a specific PCR primer pair was designed using Primer Express 2.0 software (Applied Biosystems, Darmstadt, Germany) based on the cDNA sequence published as referenced: b-actin 5 0 -CCTGGCACCCAGCACAAT-3 0 /5 0 -GCCGATCCACACGGAGTACT-3 0 (Ponte et al., 1984; Vandekerckhove and Weber, 1978) ; 18S rRNA 5 0 -GCCGCT AGAGGTGAAATTCTTG-3 0 /5 0 -CATTCTTGGCAAATGC TTTCG 0 -3 0 (McCallum and Maden, 1985) and ICAM-1 5 0 -CCTGGCACCCAGCACAAT-3 0 /5 0 -GCCGATCCACACGG AGTACT-3 0 (Staunton et al., 1988) . The PCR reactions were carried with on an Opticon 1 (MJ Research, Waltham, MA, USA) using SYBR Green PCR Master Mix (Applied Biosystems). Each reverse transcriptase-PCR experiment was performed twice.
Nuclear extracts and gel electrophoresis mobility-shift assay Nuclear extracts were prepared according to the procedure described by Dignam et al. (1983) . Gel electrophoresis mobilityshift assays to detect AP-2 activity were performed as previously described (Grether-Beck et al., 1996 , 2003 , 2005 .
Abbreviations MCD, -methylcyclodextrin; 7a-OH, 7a-hydroxycholesterol; 7-OH, 7-hydroxycholesterol; 7-Ketochol, 7-ketocholesterol; AP-2, activator protein 2; Camp, campesterol; Chol, cholesterol; CholOOH, cholesterol hydroperoxide; ICAM-1, intercellular adhesion molecule-1; IFN-g, Interferon-g; NHEK, normal human epidermal keratinocytes; Sito, b sitosterol; Stigma, stigmasterol; UVA, ultraviolet A.
